1 Introduction Microbotryum violaceum is a heterobasidiomycete fungal pathogen that infects Silene latifolia, a dioecious wildflower species. M. violaceum is an obligate biotroph, meaning that it requires the host plant living tissue in order to grow; as such, it must infect a host to complete its life cycle and must do so without killing the host. Infection sterilizes the plant, and in male plants, replaces the pollen grains with teliospores (Fig 1). In female plants, the fungus invokes the growth of stamen and anthers on which to place its teliospores. In either male or female (pseudomale) flowers, the teliospores may then be spread to uninfected plants by insect pollinators [1]. Haploid cells of M. violaceum contain one of two mating types, A1 or A2, and cells of opposite mating type must mate to produce the form of the fungus necessary for infection to occur. Most model systems for fungal host/pathogen interactions are within agricultural systems [2]. M. violaceum provides an opportunity to study host/pathogen interactions in a "wild", less manipulated setting, where host populations may not be as genetically similar as those for agricultural pathogens [1, 2]. M. violaceum can also serve as a model for the study of host shifts by infectious diseases [2]
Introduction
Microbotryum violaceum is a heterobasidiomycete fungal pathogen that infects Silene latifolia, a dioecious wildflower species. M.
violaceum is an obligate biotroph, meaning that it requires the host plant living tissue in order to grow; as such, it must infect a host to complete its life cycle and must do so without killing the host. Infection sterilizes the plant, and in male plants, replaces the pollen grains with teliospores ( Fig 1) .
In female plants, the fungus invokes the growth of stamen and anthers on which to place its teliospores. In either male or female (pseudomale) flowers, the teliospores may then be spread to uninfected plants by insect pollinators [1] . Haploid cells of M. violaceum contain one of two mating types, A1 or A2, and cells of opposite mating type must mate to produce the form of the fungus necessary for infection to occur.
Most model systems for fungal host/pathogen interactions are within agricultural systems [2] . M. violaceum provides an opportunity to study host/pathogen interactions in a "wild", less manipulated setting, where host populations may not be as genetically similar as those for agricultural pathogens [1, 2] . M. violaceum can also serve as a model for the study of host shifts by infectious diseases [2] . This system also allows for further study of genes that may be necessary for pathogenicity [8] . Though a number of pathogenicity genes have already been discovered for phytopathogenic fungi [9, 10] , those required for pathogenicity of M. violaceum are still unknown. 
Background
A draft genome sequence at 18x coverage was produced for a haploid strain derived from meiosis of teliospores isolated from the host Silene latifolia. The draft sequence is currently in the process of annotation and is publicly available through a website from the Broad Institute of MIT and Harvard (http://www.broadinstitute.org/annotation/genome/Microbotryum_violaceum/ MultiHome.html). Using Illumina Next Gen sequencing, deep transcriptome information is being generated about a variety of stages in the lifecycle of the fungus, with particular emphasis on the late stages of infection, when teliosporogenesis occurs. This means that "global" gene expression information is being generated by this method for essentially all predicted M. violaceum genes during each of the stages being examined.
As presented in recent publications, sugar transporters in fungi have been shown to affect fungal virulence in plants, particularly in the case of biotrophic fungi such as Ustilago maydis and several species of rust fungi [11, 12, 17, 18] . Specifically, the srt1 gene in U. maydis was found to code for a high-affinity, sucrose-specific transporter that likely provides advantages for the acquisition of carbon after the infection of host tissue as well as helping to prevent plant defense mechanisms from being induced. Bringing sucrose into the fungal cell rather than breaking sucrose down outside of the cell and transporting the resulting simple sugars into the cell is less likely to be recognized by the plant [18] . The hxt1 gene in the rust fungus Uromyces fabae codes for a hexose transporter that may fulfill a similar role, as it is upregulated in rust haustoria, an important fungal organ during infection [17] .
The importance of sugar transporters for pathogenicity of M. violaceum is unknown. Thus, identifying and determining possible roles in pathogenicity of these sugar transporters is of interest.
Such work may give insight both as to how the fungus initially infects its host and how this
infection is maintained in order for the fungus to complete its life cycle [9] .
Methods

Initial Bioinformatic Analyses and Target Gene Selection
Potential sugar transporter genes of transmembrane helices, which strongly suggest that the protein is located in the plasma membrane.
Once the sugar transporters were identified, several of them were selected for closer study based on Orthofam ID uniqueness, information yielded from National Center for Biotechnology Information (NCBI) BLAST hits against other genomes, and initial expression data already collected through RNASeq, which provides RNA quantity from a genome at a certain point in time, such as a certain stage of the life cycle [6] . The initial expression data ( Table 2) were taken from the fungus isolated from three different growth conditionshaploid cells on rich agar, haploid cells on water agar, and late stage infection (i.e., dikaryotic or diploid fungus) in male floral tissue of S. latifolia.
RNA Purification and Manipulation
Liquid nitrogen grinding was used to prepare the cells for RNA isolation, which was done using the RNeasy™ Plus Mini Kit (Qiagen, Venlo). Illumina sequencing was used to analyze gene expression levels in three RNA sequencing experiments, as follows:
Rich: 4-day old yeast-like haploid cells, p1A1 and p1A2 (Fig 1d) , grown separately on rich media.
Wate r: 4-day old yeast-like haploid cells, p1A1 and p1A2 (Fig 1d) , grown separately on rich media, then placed separately on nutrient-free media at 14˚C for 3 days.
MI late: 4 mm to fully bloomed, male infected host floral tissue (Fig 1a) , containing diploid fungus undergoing teliosporogenesis.
Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR) using Invitrogen™
SuperScript III First-Strand Synthesis System (Life Technologies) was then performed on the RNA samples extracted from M. violaceum grown in the three conditions used for the initial analysis, as well as when mated on water agar. This last condition was another unique aspect of the study, as mating is a prerequisite for pathogenic development; when exposed to a suitable host plant, the mated cells further differentiate into a dikaryotic filamentous form that penetrates the plant [1] . The isolated RNA samples were then DNase-treated (Ambion Turbo DNA-free™ Kit) to remove all traces of DNA from the sample. The reverse transcriptase reaction created cDNA from the RNA.
This cDNA product from the reverse transcriptase reaction was then tested for quality and full degradation of genomic DNA (gDNA) using standard PCR and agarose gel electrophoresis.
Polymerase Chain Reaction is a reaction that repeatedly and selectively replicates a segment of DNA that is flanked by small DNA primers to allow for replication. The samples were then subjected to an agarose gel by the application of field electrophoresis to verify their size and the absence of contamination by other DNA.
Expression Analysis Using Quantitiative Real-Time Polymerase Chain Reaction (qPCR)
Quantitative real-time PCR (qPCR) was then performed on each gene for every condition.
qPCR is the same reaction as standard PCR, but a dye is added that fluoresces when bound to double-stranded DNA. As more and more double-stranded DNA is made during PCR, this increasing fluorescence is measured and the instrument readings allow the relative expression of various genes to be determined [16] . These experiments utilized SYBR Green dye and the Applied Biosystems StepOne Real-Time PCR system. growth condition relative to the p1A1 type grown on rich agar [14] . This is known as the comparative CT method of analyzing qPCR data. The equations used to generate the log fold change were (-LOG(1/(2^(-N))) for positive values and (LOG(2^(-F6))) for negative values.
These relative expression data serve as validation of the initial expression data collected through RNASeq and adds data for the mated fungus.
Transformation of M. violaceum and Over-Expression of Target Genes
Differential expression of genes between the conditions has prompted ongoing transformation experiments in order to overexpress genes in certain conditions to view morphological and developmental changes. These observations may give insight as to the role of the gene in pathogenicity and/or mating [5] .
Overlap PCR was performed for each selected gene to create a construct with the appropriate promoter for the condition, such as overexpression of the gene in the fungus grown on water agar. After viewing the RNASeq data for the respective conditions, candidate promoters were chosen from M. violaceum genes that were found to be among the most highly expressed on water agar or on rich media. For amplification of each sugar transporter gene coding sequence fragment, the cycling conditions comprised an initial step at 94˚C for 4 minutes, followed by 35 cycles of denaturing at 94˚C for 30 seconds, annealing at 60˚C for 30 seconds, and extension at 72˚C for 2 minutes and 10 seconds, followed by a terminal extension at 72˚C for 5 minutes. The cycling conditions for amplification of the promoter fragment were the same as for the gene coding cycles of denaturing at 94˚C for 30 seconds, annealing at 60˚C for 30 seconds, and extension at 72˚C for 3 minutes and 30 seconds, followed by a terminal extension at 72˚C for 5 minutes. All fragments were recovered from agarose gels by using the Zymoclean™ Gel DNA Recovery Kit.
These constructs will be inserted into a TOPO TA pCR2.1 vector (Life Technologies) that is optimized for cloning PCR products in E. coli. After identifying clones, the constructs will be subsequently cut out and introduced into similarly digested vector for transformation of M.
violaceum. The transformed cells will then be grown under the appropriate conditions and observed.
Ideally, some phenotypic change will occur to allow conclusions concerning the function of the gene in development/pathogenicity to be made.
Results and Discussion
Initial Bioinformatic Analyses and Target Gene Selection
Of the 64 M. violaceum genes that contain the sugar_tr domain (PF0083), 25 were also BLASTP hits to Srt1 (Genbank: XP_758521) of Ustilago maydis and Hxt1 (Genbank: CAC41332)
of Uromyces fabae. Of these 25 predicted sugar transporters, four were up-regulated in MI late.
Two were down-regulated in MI late. Two were up-regulated and two down-regulated in Water. One was up-regulated and one down-regulated in Rich. One was upregulated in Water relative to MI late. One was upregulated in Rich relative to MI late, and one was upregulated in Water relative to Rich. Nine were not differentially expressed. Of these 25 that were hits to Srt1 or Hxt1, 7 were selected for additional study based on OrthfamID uniqueness, differential expression in initial Table 3 ). 
Gene Name
Rationale for Choosing
MVLG_07006 Upregulated in MI late. NCBI protein BLAST gives reason to believe it is a maltose permease. Part of maltose permease family. MVLG_05093 Upregulated in MI late. NCBI protein BLAST gives reason to believe it is a lactose permease.
MVLG_04801 Unique orthofam ID, localization uncertain. NCBI protein BLAST yield no further information other than that it is a sugar transporter.
MVLG_06292 Unique orthofam ID. NCBI protein BLAST gives reason to believe it is an iron permease and/or maybe a multidrug transporter, though it belongs to the sugar transporter family as well. Gene is also in the fungal trichothecene (myotoxins produced by some fungi, such as some species of Fusarium) efflux pump family. MVLG_06941 Downregulated in MI late. NCBI protein BLAST gives reason to believe it is a monosaccharide transporter, no indication of specificity. MVLG_00507 Downregulated in MI late. NCBI protein BLAST gives reason to believe it is a phosphate transporter or permease. Part of phosphate H+ symport family as well as sugar transporter family. MVLG_05629 Upregulated in water. NCBI protein BLAST yielded no further information other than that it is a sugar transporter. Rsem data shows transcript copy number for each gene in each condition. The logFoldChange shows the change in expression of the gene, if any, between the two conditions. For instance, the w_v_r logFoldChange column compares expression in water to that in rich. The Regulation column describes the differential expression of the gene, if any, based on the greatest magnitude logFoldChange. "ns" stands for "Not Significant".
Expression Analysis Using Quantitiative Real-Time Polymerase Chain Reaction (qPCR)
The inventory of predicted proteins, differentially expressed, provides insights into critical aspects of the unique biotrophic lifestyle of M. violaceum. M. violaceum, despite being a biotrophic pathogen, actually causes necrosis in floral tissue, preventing the flower from creating pollen in male plants and suppressing growth of the ovary and styles in female plants [10] . Some logical predictions and conclusions can be made about sugar transporters that may play a role in this process from the relative expression data gathered ( Table 4 , Figs 2.1-2.5) [5, 17, 18] .
The predicted proteins that are down-regulated in MI late (MVLG_00507, MVLG_06941) may hinder the progression of the fungus into the next stage of its life cycle (teliosporogenesis), may induce a defense mechanism from the host or both [13, 15, 18] . The predicted proteins that are up-regulated in MI late may be involved in host invasion and evasion of physical and chemical defense system [9] . It would also make sense that it may scavenge nutrients from the tissue damaged by the fungus [7, 10, 19] . The predicted proteins that are up-regulated in Mated (MVLG_5629) may be necessary for the fungus to mate properly and progress to the next stage of its life-cycle (dikaryon formation). The predicted proteins that are down-regulated in Water (MVLG_05093) may cause problems with cell-cell communication, hindering the mating process [20] . The predicted proteins that are up-regulated in Water (MVLG_06292, MVLG_04801) may possibly be involved in preparation for mating and associated responses to nutrient starvation [3] . 
Transformation of M. violaceum and Over-Expression of Target Genes
Constructs have been made from promoters of genes that are very highly expressed in the fungus grown in rich (MVLG_05598) or water (MVLG_06949) media and two of the genes that showed the greatest differential expression, MVLG_00507 and MVLG_07006 ( upregulating it in those conditions may provide insight as to why it is so upregulated in rich media.
Attempts to clone the constructs into TOPO vectors and insert them into E.coli are ongoing.
Once this is achieved, the constructs will be subcloned into an appropriate vector and used for the transformation of M. violaceum. Potential transformants will be confirmed for overexpression of the appropriate gene by qPCR. The transformants will then be assessed for any morphological or developmental changes when grown in the appropriate condition.
There are a number of predictions that can be made about the experimental outcomes. If a gene is typically downregulated in mated cells (such as MVLG_00507), it seems reasonable that overexpressing the gene in the fungus grown on water agar (a condition that normally promotes mating) may interfere with mating either by a lower frequency of mating or morphological change in cells that hinders mating. Similarly, if a gene that is normally downregulated in fungus grown in rich media is overexpressed, filamentation may be induced or growth accelerated. Conversely, if a gene is normally upregulated in rich media in relation to all other conditions (such as MVLG_07006), it can be hypothesized that the sugar transporter may be specific for the sugar present in the media (glucose in our experiments) or may inhibit mating in some other way or both.
Overexpression of this gene on water agar may lead to an inhibition of mating. 
Future Work
The transformation experiments will direct the next logical to examine the many aspects of sugar transporters in M. violaceum. M. violaceum transformants, especially those with phenotypic changes, will again be characterized for levels of expression or their respective "trans"-gene to make certain that there has indeed been an increase in expression relative to the wild type strains.
Additional experiments to look at expression levels during other stages of development within the plant (e.g., directly after infection, earlier stages of bud development, etc.) will provide insight into the role sugar transporters play in earlier stages of infection or evasion of plant defenses.
Expression experiments with the fungus grown on media containing different types of sugars may also yield information about the specificity of each sugar transporter and the regulation of their genes, as well as suggesting additional specific roles to be tested in the developmental stages of this fungus.
